Abstract: This paper deals with the influence of steel composition (with respect to the microalloying elements) and therrnomechanical treatment on structure and mechanical behaviour of HSLA (High Strength Low Alloy) steels. Four different microalloyed steels have been TM rolled under variing conditions. The austenite structure prior to transformation could be revealed by means of a special etching technique. The precipitation behaviour has been studied by TEM, STEM and APFlM investigations. The results of mechanical testing can be explained in terms of structure (both austenite and transformed material), steel composition and TM treatment. It could be shown how precipitates in different steels influence the recrystallization behaviour of the austenite and how the austenite structure is related to the transformed structure. For example, fine strain-induced Nb carbonitrides prevent or reduce recristallization. Addition of Ti leads to relatively coarse complex carbonitrides. As a consequence, the content of solute Nb decreased and only few Nb carbonitrides precipitate during deformation. Hence the Ti-bearing steel shows a stronger tendency for recrystallization and the mechanical properties (especially the low-temperature ductility) deteriorate.
Introduction
HSLA steels are of increasing importance for many applications such as linepipe steels, shipbuilding and offshore steels, pressure vessels and automotive structures. By adding of so-called microalloying elements (usually small contents of niobium, vanadium and titanium) to mild steel compositions in combination with thermomechanical processing (TMP), remarkable improvements of the mechanical properties could be achieved during the last 25 years. These steels receive their favourable combination of high yield strength and low-temperature toughness mainly by a fine-grained microstructure inherited from an austenite which has been rolled well below the recrystallization-stop-temperature and thereby becomes elongated and flat and exhibits a large surface area per unit volume and many additional sites for ferrite nucleation at deformation bands within the grains. The present paper deals with the influence of steel composition and thermomechanical treatment on the structure and the mechanical properties of HSLA steels.
Experimental
The compositions of the steels used in this investigations are given in Table I . Steel A represents the basic composition with about 0.1 % C, 0.3 % Si, 1.4 % Mn, 120 ppm N and 0.15 V. In addition, steel B contains 0.05 % Nb, steel C 0.05 % Ti and steel D contains Nb and Ti as well. The thermomechanical treatment started for all samples with soaking at 11 50°C for half an hour. Up to this temperature, no extensive grain coarsening was observed in previous experiments [I] . The reduction of thickness was 40 % during roughing (4 passes) and 60 % during finishing (7 passes). There have been variations of the TM parameters with respect to the final temperature of roughing (either above or below the recrystallization-stop-temperature), the final rolling temperature (above or below An) and the cooling rate, as can been seen in Table II. Article published online by EDP Sciences and available at http://dx.doi.org/10.1051/jp4:1993708 Table I . Chemical compositions of steels investigated, wt.-%. 
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The An-temperatures of the different steels have been calculated according to [2, 31. By the treatment described above one gets eight different TM conditions per alloy. A very essential point of this investigation was the characterization of the austenite structure prior to transformation with respect to the grain-size distribution. A modified austenite grain etching technique described in [4] has been used successfully for fulfilling this task. It has been shown that different alloys and different thermomechanical treatments require different ratios of picric and hydrochloric acid which can be controlled by measuring carefully the pH-value. The transformation structure has been characterized by conventional etching techniques and quantitative metallography. In addition, it was necessary to investigate the precipitation behaviour of the different steels during thermomechanical treatment in order to explain structural changes caused by recrystallization or its prevention. Therefore carbon extraction replicas have been prepared for investigation with In order to detect and analyze the smallest particle population which can hardly be seen with the TEM, a field ion microscope with an atom-probe mass spectrometer (APFIM) has been used. The procedure of sample preparation for the APFIM has been reported in reference [6] .
Finally tensile tests and charpy V notch tests have been performed to measure and compare the mechanical properties of the specimens investigated. 
Results and Discussion
Since there are 32 different samples a lot of data has been acquired concerning the characterization of structure and the mechanical properties. In the following, some of the essential results will be presented and discussed. First a comparison is given [ Fig. I ] of the strength properties of the four different steels after the same kind of thermomechanical rolling has been applied (roughing above the recrystallizationstop-temperature, finishing within the y-region and oil-quenching). The transformed structure consists of bainite and ferrite. Whereas A, B and D exhibit about 40 % ferrite (which has been established by quantitative metallography), steel C contains over 50 % ferrite. Moreover, the ferrite grains are much coarser, inherited from a coarser austenite structure. The reasons for this coarser structure will be given later on. Now, the same samples will be compared with respect to their low-temperature toughness (Fig. 3) .
The steels A (V) and B (V, Nb) show high impact energy values down to -90°C which is caused by a small and homogeneous austenite grain. The value x denotes the average thickness of the elongated austenite grains. Steel C (V, Ti) has a coarser austenite structure and steel D (V, Nb, Ti) exhibits a relatively fine mean austenite grain but with a high standard deviation s.
Obviously there are differences in the recrystallization behaviour, therefore it was necessary to investigate the precipitation processes and their influence on recrystallization and grain growth. The question is, whether particles would be able to prevent grain boundary migration and recrystallization or not. Critical particle sizes can be assessed by balancing the driving and the retarding forces. The driving force for primary recrystallization is given by the difference between the dislocation densities in the deformed and recrystallized state. The energy per unit length of a dislocation is proportional to G * b2, therefore with a (geometry factor) about 1, G = 8.1*1 o4 MPa, Ap about 10'~lm~and burgers vector b = 3*10-lo m. lnserting these values in eg. 1 leads to p~ = 7*106 Jim3 as driving force for the primary recrystallization.
Deriving the driving force for normal grain growth pz under assumption of cubic grains leads to
For an austenite grain diameter D of 30 pm and a specific grain boundary energy of 1 J/m2 one gets a p2-value of 10~Jlrn~. On the other hand particles can lead to pinning of the grain boundaries since they reduce the total grain boundary area. The retarding force p3 is given by
Since Z (number of particles) equals 4f/d2z, f being the volume fraction and d the diameter of the particles, we get p 3 = 4 * f * y I d
Inserting f = l % which is an upper limit in HSLA steels and comparing p3 and pl results in a critical particle diameter d of about 5 nm, below which the recrystallization will be prevented. This value is surprisingly low and it means that the precipitation must take place during or immediately after the deformation (strain-induced precipitation) since otherwise the particles get too coarse.An energy balance between p2 and p3 leads to a particle diameter of 300 nm which still can prevent normal grain growth. Independent of the holding time and deformation temperature a large number of polyhedral particles were detected on the replicas of the V-Nb-Ti steel D with sizes ranging from about 50 nm to 200 nm. Many of these are arranged in rows (Fig. 4) indicating thereby the position of former austenite grain boundaries. Using an EDS analyzing system these precipitates turned out to be TiNb carbonitrides, the composition of which changes with size making the larger ones Ti-rich and the smaller ones Nb-rich. In addition to this family of precipitates some V-rich carbonitrides could be found in samples deformed at low temperatures after long holding times. These are also polyhedral and about 50 -100 nm in size. Furthermore there are some relatively large Ti nitrides (about several pm) which can be seen easily on optical micrographs of Ti-bearing steels.
The examination of V-Nb steel replicas (steel B) treated with or without deformation gave the following results: After short holding times some Al-rich particles (probably A1 nitrides) were found.
At longer holding times a few V-rich precipitates occured and -even less frequent -some Nb-rich particles (10 -20 nm of size). However, studying these samples with the field-ion microscope gave proof that very tiny precipitates (below 5 nm, Fig. 5 ) form in the deformed material after short times. Using the atom-probe these particles can be characterized as Nb carbides with very small contents of V, Ti and N. These results are summarized in Fig. 6a and 6b showing PTT (precipitation-tipe-temperature) diagrams of both steels. Ps means start of precipitation without deformation, Ps stands for start of precipitation in deformed samples. In the V-Nb-Ti steel the ultra-fine Nb precipitates appear later and are less numerous compared to the Ti-free steel. The main result of this comparison is that the addition of Ti to the V-Nb bearing steel leads to the formation of relatively large complex TiNb carbonitrides which cannot prevent recrystallization, but as a consequence, the supersaturation of Nb in the austenite at deformation temperature is small and so a much smaller number of strain-induced precipitates is formed. The different recrystallization behaviour of steel D and B is shown in Fig. 7 indicating a stronger tendency to recrystallize for the V-Nb-Ti steel which leads to the inhomogeneous austenite grain structure observed in this steel. Thus, the deterioration of the low-temperature ductility can be explained (compare Fig. 3 ). The V-bearing steel A shows many fine strain-induced precipitates (V nitrides and carbonitrides). By Ti additions (steel C) coarse TIN are formed, therefore the nitrogen content decreases and very few strain-induced precipitates can form since the thermal stability of V carbides is much lower than that of V nitrides, which explains the coarse austenite and ferrite structure of steel C. All steels usually show their best combination of strength and ductility after finishing above Aa and oil-quenching (TM treatments 4 and 8 which differ with respect to the final roughing temperature, TM-8 above and TM-4 below the recrystallization-stop-temperature). The latter treatment resulted in a very fine-grained bainitic-ferritic structure while 88 exhibits much coarser plate-like bainite grains. During the final roughing pass no recrystallization takes place in B4 therefore this strain adds to the finishing deformation which gives additional sites for the ferrite nucleation at deformation bands within the grains and thus explains the finer structure and the better ductility (Fig. 8) .
Summary
Four microalloyed steels experienced TM rolling treatments with variing conditions. The mechanical properties have been related to the microstructures, and the formation of these structures has been explained by the precipitation and recrystallization behaviour of the austenite. The best overall properties (strength and Low-temperature ductility) are gained by specific treatments of steel A (V) and B (V, Nb). Steel D (V, Nb, Ti) generally has good strength properties but lower impact energy values at very low temperatures compared to A and B, while steel C (V, Ti) is low in strength and ductility as a consequence of a relatively coarse austenite structure.
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